The whole chains of exergy flows for different cooling systems were compared. The effects of cooling demand (internal vs. external solar shading), space cooling method (floor cooling vs. air cooling with ventilation system), and the availability of a nearby natural heat sink (intake air for the ventilation system being outdoor air vs. air from the crawl-space, and air-to-water heat pump vs. ground heat exchanger as cooling source) on system exergy performance were investigated.
Tightening targets for energy efficiency and energy use reduction in buildings have had significant effects both on residential and non-residential buildings in Europe [1] . The development of passive, low-energy, near zeroenergy, and zero-energy buildings has been stimulated by these regulations and environmental concerns, and nearly zero-energy building (nZEB) levels are dictated for new buildings by 2020 in the European Union [1] .
The international focus on the residential sector is increasing, and although the energy performance of buildings has increased, issues with the thermal indoor environment and air quality have been reported in low-energy and passive houses [2] , [3] , [4] . One prominent problem is overheating and it has been reported from Denmark [5] , Sweden [3] , [6] , Finland [4] , and Estonia [7] . These findings indicate that cooling in residential buildings is becoming more important and almost a necessity.
Air-based or water-based systems can be used to heat or cool buildings. Although different studies have evaluated the performance of air-based and water-based heating and cooling systems for office buildings [8] , [9] , [10] , and benefits of radiant panel heating and cooling in net zero-energy buildings [11] , so far there has only been little focus on residential buildings and dwellings regarding cooling systems and their exergy performance.
In addition to the insights to different systems by energy analyses, exergy analyses articulate more precisely and accurately the different quality of energy sources and flows. "Cool" and "warm" exergy concepts enable us to quantify and to properly account for the "warmth" and "coolness" of a heat source or sink, and exergy flows from these sources and sinks [12] , [13] , [14] .
In this study, the exergy performance of different space cooling systems was compared using a single-family house as a case study. The whole chain of exergy flows were considered from the source until the environment.
The effects of cooling demand (studied by means of installing internal vs. external solar shading), space cooling method (floor cooling vs. air cooling with ventilation system) including auxiliary exergy use for pumps and fans, M A N U S C R I P T
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4 and the availability of a nearby cool exergy source (intake air for the ventilation system being outdoor air vs. air from the crawl-space, and air-to-water heat pump vs. ground heat exchanger as cooling source) on the system performance regarding energy, exergy demand and exergy consumption were studied. The cool exergy concept was used to analyze the crawl-space and the ground.
Analyzed space cooling systems
The eight different cooling systems that were studied in this paper are described here, before explaining the exergy calculation method that was used to perform the case studies.
Determination of the design cooling load
The studied house was assumed to be located in Copenhagen, Denmark. Construction details, description and details of the heating, cooling and ventilation systems of the actual house are given in [15] and [16] .
The space cooling load was determined with the assumption of steady-state conditions. The outdoor air temperature was assumed to be 30°C, which is also the environmental (reference) temperature for exergy calculations. For all cases, the indoor temperature was 26°C (air temperature and mean radiant temperature). The relative humidity indoors was assumed to be 55%, resulting in a dew point temperature of 16.3°C.
The house was supported on 30 cm high concrete blocks and this created a crawl-space between the ground and the house's floor structure. When the intake air was taken from the crawl-space, the fresh air temperature coming into the air handling unit (AHU) or to the indoor space was 21.3°C, due to the pre-cooling of the outdoor air by the ground surface under the crawl-space.
The internal heat gain was assumed to be 4.5 W/m 2 which represents two persons at 1.2 met and other household equipment. For the floor cooling cases, a ventilation rate of 0.5 air change per hour (ach) was used to provide fresh air to the indoors [17] . For the air cooling cases, the supply air flow rate was calculated based on the cooling load. For all cases, an infiltration rate of 0.2 ach was assumed.
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For Copenhagen, Denmark (56° Northern Latitude), in July at noon, assumed direct solar radiation on the South and West directions were 390 and 149 W/m 2 , respectively, and the diffuse solar radiation was 32 W/m 2 [18] . The shading coefficients for internal and external solar shading were assumed to be 0.6 and 0.1, respectively (blinds, 45° inclination, light colored) [18] .The resulting space cooling loads for different cases are given in Table 2 and   Table 3 .
Details of eight cases studied
In order to compare the exergy performance of different cooling systems, the house was assumed to be cooled with a water-based radiant floor cooling system or an air cooling system with the supply of cold air from the air handling unit. The following assumptions were made during the calculation procedure:
In the actual house, there was a heat exchanger between the radiant system and the heat pump, but for the calculations this heat exchanger was neglected and it was assumed that the water in the floor loops circulated directly through the evaporator of the heat pump. The same was assumed for the air-cooling coil in the AHU.
The supply air was 100% outdoor air (no recirculation), and the indoor air was assumed to be fully mixed (mixing ventilation).
It was assumed that there was no heat gain to the floor cooling system, pipes and ducts from the outdoors.
A summary of the investigated cases is given in Table 1 , and schematic drawings of the eight cases are given in the system performance to a minimum [15] .
The cooling output, floor surface temperatures and the mass flow rates were calculated according to [19] , [20] , [21] , [22] . The summary of floor cooling cases is given in Table 2 . The required ventilation rates were calculated based on the space cooling loads and the temperature difference between the supply air and room air temperatures. The water flow rate in the air-cooling coil was calculated based on the heat to be removed from the intake air and the temperature difference in the supply and return water flows to and from the air-cooling coil. The heat to be removed from the intake air corresponds to the required M A N U S C R I P T
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10 amount of heat to lower the temperature of the intake air to the required supply air temperature, which was 14°C, 17°C or 20°C for respective three cases. The summary of the air cooling cases is given in Table 3 . The temperature of the water leaving the evaporator of the air-to-water heat pump was assumed to be the same as the supply water temperature to the floor loops and to the air-cooling coil.
The coefficient of performance (COP) of the heat pump was obtained from the manufacturer's datasheets as a function of outdoor air temperature and the temperature of the water leaving the evaporator. For floor cooling cases, the required supply water temperature to the floor loops was used to obtain the COP, while for air cooling cases it was assumed that the supply and return water temperatures to and from the air-cooling coil were 7 and 12°C, respectively. The resulting COP values were 3.42 for Case 7, 3.31 for Case 6, and 2.79 for air cooling cases.
In the actual house, the intake air was from the crawl-space and the measurements showed that the air in the crawl-space was warmer than the outdoor air in winter and colder than the outdoor air in summer [16] .
Ground heat exchangers can be a good match to couple with high temperature cooling systems [19] . In this study, a single U-tube vertical heat exchanger was assumed to be coupled to the floor cooling system. It was assumed that there was a flat-plate heat exchanger between the floor system and the ground heat exchanger and a brine pump was circulating the anti-freeze mixture consisting of 30% propylene-glycol/water mixture.
The ground temperature of Copenhagen area was taken as 8.3°C [23] . The incoming and outgoing liquid temperatures to and from the borehole were 17 and 13°C, respectively. The corresponding mass flow rate in the borehole was 208 kg/h. It is possible to achieve the necessary cooling of the circulating liquid from 17°C to 13°C at the 40 m depth for the given borehole design. Further details of this ground heat exchanger are given in [23] , [24] .
Since the temperatures of air in the crawl-space and of the deep ground are different from the outdoor (environmental) temperature, they contain a certain amount of cool (or warm) exergy and they act as immediate cool (or warm) exergy sources.
Fan and pump powers
The power to be supplied to fans and pumps that circulate the heat transfer medium in pipes or in ducts was determined as follows.
The pump power for different cases was obtained from the pump specifications as a function of the water flow rate and the required pressure increase, assuming the pump actually installed in the house.
The fan powers were determined from the measured data at the house. The measurements showed that the AHU was using 67.9 W with a ventilation rate of 0.5 ach (105 m 3 /h), which corresponds to a specific fan power (SFP)
of 1166 J/m 3 for one fan [16] . This SFP value is in SFP 3 category according to EN 13779:2007 [25] . The fan powers were calculated as a function of the air flow rates, assuming that the fans for the air cooling cases are also in SFP 3 category (1200 J/m 3 ).
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
12 Table 4 summarizes the pump, fan, and their total powers for eight cases studied. For any system, it is possible to obtain the exergy balance equation from energy and entropy balance equations together with the environmental temperature. In general form, exergy balance equation can be written as follows [13] , [26] : 
Eq. (1) indicates that every system consumes a part of the supplied exergy while at the same time the corresponding amount of entropy is generated.
A brief description of "cool" and "warm" exergy concepts are given in Appendix. The following calculations were carried out manually and under steady-state conditions.
Cooling exergy load
The cooling exergy load is the required rate of exergy to be supplied to the indoor space to maintain the design indoor conditions, and it can be defined as
where X cooling is the cooling exergy load [W], Q cooling is the space cooling energy load [W] , and T i is indoor temperature (air and mean radiant temperatures) [K].
Exergy supplied to the indoor space
The exergy supplied to the indoor space through floor cooling and through the supply air can be calculated using Eqs. (3) and (4), respectively. 
X g is the "cool" exergy flow rate from the ground to the anti-freeze mixture 
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The exergy consumption in the flat-plate heat exchanger, X c,HEX [W] , is obtained from the exergy balance equation, Eq. (8).
where
∆X w is the net exergy input from the supply and return water [W], X w,supply is the rate of exergy carried by the supply water into the floor [W], X w,return is the rate of exergy carried by the return water from the floor [W] .
The values of X w,supply and X w,return are calculated from the following equation. The exergy consumption rate in the floor structure, X c,floor [W] , is calculated from the following exergy balance equation.
where ∆X w and X FC,out are given by Eqs. (9) and (3), respectively.
The exergy consumption in the air-cooling coil in the AHU, X c,coil [W] , is obtained from
where ∆X w,coil is the net exergy input by the water to the air-cooling coil [W], X w,supply,coil is the rate of exergy carried by the water entering the air-cooling coil (from the heat pump) [W], X w,return,coil is the rate of exergy carried by the water leaving the air-cooling coil (to the heat pump) [W], X a,out is the rate of exergy carried by the air leaving the air-cooling coil [W] , and X a,in is the rate of exergy carried by the air entering the air-cooling coil
Eq. (10) can be applied to the calculation of X w,supply,coil and X w,return,coil . In the case of air instead of water, Eq. (10) is also applied with the replacement of the values of volumetric flow rate, specific heat capacity, density and respective temperatures from water to air. Eq. (10) is also used to calculate the rate of cool or warm exergy carried by the air flowing in from the crawl-space.
Exergy input to the power plant
It was assumed that the electric power supplied to the heat pump, pumps, and fans was generated in a remote, natural gas fired power plant. The exergy input required to the power plant can be determined from
where E HP is power (electricity) input to the heat pump [W], Q HP,cooling is the rate of heat to be removed by the heat pump to the water circulating through the evaporator [W], COP is the coefficient of performance, X in, power plant is the exergy input to the power plant through natural gas [W], η TOT is the total efficiency including M A N U S C R I P T
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17 conversion efficiency of the power plant, distribution and transmission efficiencies of the grid (assumed to be 0.35 [13] ), and r is the ratio of chemical exergy to higher heating value of natural gas (assumed to be 0.93 [13] ).
For the value of Q HP,cooling , the space cooling energy load is used in the floor cooling cases, and the rate of heat to be removed from the intake air is used in the air cooling cases.
Exergy input required at the power plant for the pump and fans are calculated using Eq. (16) by replacing the E HP with respective pump power (E pump ) and fan power (E fans ).
Exergy efficiency
One way of evaluating the exergy performance of cooling systems is to use exergy efficiency. Conventional definition of the exergy efficiency can be used but it may fail to capture the effects of exergy supply to the cooling system from the immediate natural exergy sources, such as the ground and the crawl-space. Therefore, three kinds of exergy efficiency as defined in Eqs. (17) - (19) were used:
where η x,conventional is the conventional exergy efficiency, η x is the exergy efficiency which takes into account the exergy supplied from the immediate natural exergy sources (one from the ground, X g , and the other from the crawl-space, X crawl-space [W]), and η x,natural is the ratio of the exergy input from the immediate natural exergy resources to the total exergy input to the system.
Results and discussion
The main results of the analyses are presented in this chapter. Sensitivity of the results to the total efficiency including conversion efficiency of the power plant, distribution and transmission efficiencies of the grid (η TOT ), to the SFP of fans, and to the brine pump power can be found in Appendix B. Sensitivity of the system exergy performance to these parameters is presented in Appendix C.
4.1.Comparison of different space cooling systems without a cool exergy source
The chains of exergy flows from the initial natural gas input to the power plant to the environment are shown in Fig. 2 for Cases 1, 2, 3, 4, and 6. For the power plant, the exergy contained by natural gas is supplied to the power plant as fuel and the electricity produced is supplied to the heat pump. The difference between the exergy input from natural gas and the output electricity is the exergy consumption in the power plant. The same relationship between input, output and consumption applies also to the other components in the chain. The exergy to be supplied to the power plant from natural gas is 4025 W for Case 1 and it is the largest among the investigated cases. This implies that the use of an internal solar shading device is not effective in reducing the cooling demand of the house. The large exergy input requirement is due to the large cooling load and also due to the way of addressing this load; cooling with an air-based system. Compared to the rest of the cases, exergy consumption in the rest of the system components is also the largest for Case 1. Case 1 clearly shows that it is crucial to minimize the cooling demand of the house. M A N U S C R I P T
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In the rest of the cases in Fig. 2 , an external solar shading device was employed. The exergy input required at the power plant has decreased remarkably compared to Case 1, and the exergy consumption in different system components has also decreased.
In Cases 2, 3 and 4, air cooling was employed to address the cooling load. Although the cooling exergy load itself is the same for all of these cases (13.9 W), the exergy required at the power plant in order to power the heat pump is different, due to different supply air temperatures assumed for each case ( the source, where the differences between these cases in the heat pump and the power plant are clear in Fig. 2 .
Case 4 requires the highest exergy input among these three cases, followed by Case 3 and Case 2, therefore for the further analyses and comparisons, Case 2 will be used.
Among the cases presented in Fig. 2 , Case 6 requires the lowest exergy input to the power plant, despite the cooling exergy load being slightly higher (15.8 W) than the air cooling cases. This is because of two reasons; the system being a water-based cooling system, and working at water temperatures close to room temperatures (high temperature cooling). The exergy input required at the power plant is 28% smaller for Case 6 (floor cooling) than Case 2 (air cooling).
4.2.The effects of immediate cool exergy sources on system performance 4.2.1. Cool exergy contained in the crawl-space
The crawl-space below the house acted as a buffer zone, where the air temperature was higher than the outdoor air temperature in the heating season and vice versa in the cooling season. This results in a warm or cool exergy storage effect in the crawl-space [12] , [13] . The outdoor air temperature, air temperature in the crawl-space, and the specific exergy contained by air in the crawl-space are shown in Fig. 4 . , which is lower than the maximum cool exergy density stored during this period. Fig. 4 shows that when the air temperature in the crawl-space is lower than the outdoor air temperature, there is cool exergy storage in the crawl-space.
Further cases were studied by modifying the boundary conditions of Case 6 and Case 2, in order to investigate the effects of this cool exergy storage on the whole system. That is, in Cases 7 and 5, it was assumed that the intake air was taken from the crawl-space, instead of the outdoor air. Fig. 5 shows the effects of the crawl-space (cool exergy storage) on the performance of different cooling systems. It is worth noting that only 4.5 W and 10.7 W of cool exergy provided from the crawl-space can eliminate 270
and 719 W of exergy input by natural gas at the power plant, respectively. This is mainly because the actual cool exergy demand is very small so that making use of such small quantities of cool exergy results in a significant reduction on the supply side. Fig. 5 shows that the air-based systems benefit more from the storage of cool exergy in the form of cooler air in a crawl-space compared to floor cooling. Although Case 5 requires less exergy input than Case 7, this does not mean that the air-based system performs better than the water-based system, due to the higher auxiliary energy use, as will be presented in 4.3. It should also be noted that compared to Case 7, Case 5 has higher exergy consumption in the cooling coil (19.0 W) compared to the floor structure (9.6 W), higher exergy consumption in the indoor space (21.8 W vs. 8.3 W), and has a higher cooling exergy load (13.9 W vs. 11.7 W).
Cool exergy contained in the ground
Although the floor cooling performs better than the air cooling cases as presented in Fig. 2 , a closer look at the exergy flow reveals that it is possible to increase the exergy performance of this system with a better match of the exergy demand and supply. This is achieved through the coupling of the floor cooling system with a ground heat exchanger. The results are presented in Fig. 6 . The brine pump in the ground loop was assumed to be identical in terms of performance to the circulation pumps. The brine pump has a similar function to a heat pump, which transports the cool exergy from its source (ground) to where it is needed. This is also shown in Fig. 6 , where the orange line (Case 8, X g ) is the flow of cool exergy from the ground through the system components, house and to the environment. The green line (Case 8, X g + X NG ) shows, in addition to the cool exergy flow from the ground, the exergy input at the power plant from natural gas to provide the brine pump with electricity.
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When comparing Case 7 to Case 8, the exergy input at the power plant is decreased from 680 W (for heat pump) to 65 W (for brine pump) corresponding to a 90% reduction. This difference is due to the use of the cool exergy available in the ground. When considering also the cool exergy that was initially available in the ground (69.6 W), then the total exergy input is 134.6 W, as given in Fig. 6 (Case 8, X g + X NG ). Compared to Case 7, the use of ground without any thermodynamic refrigeration cycle (the use of stored cool exergy available in the ground)
is an effective way to match the low exergy demand of the floor cooling system. 
26
Regarding the exergy flow of the AWHP, a possible improvement could be to power it with on-site generated electricity from a renewable energy resource instead of a power plant in a remote location, though this requires further considerations for a definitive conclusion.
The pump power is important for realizing the true benefits of the cool exergy stored in the ground, as it is an addition to the cool exergy from the ground (cool exergy of 69.6 W from the ground is comparable to the 65 W of exergy by natural gas at the power plant to provide the brine pump with 24.5 W of electricity). This is crucial for justifying the free cooling. Increasing pump power requirements (e.g. to use a deeper or additional ground heat exchangers than one borehole or a worse pump) will decrease the overall efficiency of the system, as shown in Appendix C.
The initial design of the heating and cooling system of the house relied on the ground as the heat source and sink, and a theoretical single U-tube ground heat exchanger was designed. The benefits of using the ground compared to an AWHP were justified in energy terms in previous studies [23] , [24] and the results obtained in this study justify this solution from the exergetic viewpoint.
Case 8 takes advantage of the cool exergy available both in the crawl-space (4.5 W) and in the ground (69.6 W).
When comparing Case 6 to Case 8, the exergy input required at the power plant is decreased from 950 W (for heat pump) to 65 W (for brine pump) corresponding to a 93% decrease. This result emphasizes the benefits of using the naturally available heat sources and sinks in our immediate surroundings, although, a prerequisite of this is to limit the cooling (and heating) demand of the building as much as possible from the beginning of the design process. This implies that passive and active technologies should be well combined.
4.3.Auxiliary exergy input
In addition to the thermal exergy analyses, the effects of electricity inputs to pumps and fans on the whole exergy consumption patterns were also considered. The results calculated for all cases are presented in Fig. 7 . In M A N U S C R I P T
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27 each case, there are four bars, which are, from left to right, the exergy input to pump, to fans, their total, and the exergy input to the power plant.
Fig. 7. Exergy inputs to the circulation pump, supply and exhaust fans and to the power plant
The results presented in Fig. 7 show that although the pump consumptions are within a close range, the fan consumptions vary greatly from floor cooling to air cooling cases. In the floor cooling cases, the ventilation system was only used to provide the necessary fresh air, while in air cooling cases, the ventilation system was used to remove all the necessary heat (cooling load), which resulted in larger ventilation rates. The large ventilation rates result in a relatively large auxiliary energy use compared to the floor cooling cases and this difference can be attributed to the difference between the air-based and water-based cooling approach. A high auxiliary energy use would decrease the energy and exergy-wise efficiency of the whole system (Appendix C).
Air-based systems require larger flow rates and volumes to transport the same amount of heat, cool or warm exergy compared to water-based systems because of the air's smaller specific heat capacity and density than
water. This causes a larger power requirement for air to be transported and it emphasizes the advantage of waterbased heating and cooling systems.
Air cooling Floor cooling
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28 Fig. 7 shows that the auxiliary exergy input to the system can be substantial compared to the thermal exergy values, as presented in Fig. 2, Fig. 5 and Fig. 6 . These results emphasize the importance of minimizing the auxiliary component exergy use in order to achieve a holistically high performing system.
4.4.Exergy efficiency
In addition to the total exergy input to the systems, exergy efficiency can also be used to evaluate the overall exergetic performance of heating and cooling systems. The resulting exergy efficiencies for the studied cases are given in Table 5 .
The exergy efficiencies given in Table 5 do not include the exergy input to the auxiliary components; the inclusion of the auxiliary components in the exergy efficiency will decrease the exergy efficiencies. Appendix C presents the exergy efficiency values when the auxiliary components are also considered. The effects of specific fan power, and brine pump power on overall system performance can also be found in Appendix C. Exergy efficiency values show that the floor cooling (Case 6) has slightly higher exergy efficiency than the air cooling (Cases 1 to 4) when the effects of immediate natural exergy sources are not considered. When the effects of naturally available resources are considered, the exergy efficiencies increase as in Case 5 compared to Case 2, M A N U S C R I P T
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and Case 8 compared to Case 6. This is mainly due to the decreased exergy input into the power plant to provide the required space cooling, and through a better match of the exergy demand and supply (Case 8).
The natural exergy efficiency values (η x,natural ) clearly show that only Cases 5, 7 and 8 benefit from the available natural exergy sources in the immediate surroundings. In Case 8, 53.2% of the total exergy input to the system was provided by the natural exergy sources, whereas this value was 1.8% for Case 5 and 0.7% for Case 7. According to this definition, in case of a building using conventional heating and cooling systems, which does not use any immediate sources of natural exergy (as in Cases 1 to 4, and 6), η x,natural becomes zero. If in a building (e.g. a zero energy building), all the exergy requirement is supplied with solar, ground, wind, etc., this means that the exergy supply to the building is 100% sustainable and η x,natural becomes unity.
The results show that the heat sinks within our immediate environment should be used wisely, since these are valuable natural resources and they should not be exhausted through poor utilization policies. This is partly reflected in the exergy efficiency of Case 8; when the cool exergy consumption from the ground is taken into account then the exergy efficiency decreases to 8.4% from 18.0%. This implies that the rational efficiency index is η x rather than η x,conventional .
4.5.Overall discussion
This study considered a cooling season operation but it is crucial to assure that the given systems can work effectively in the heating season in residential buildings. Exergy analyses and especially the warm exergy
concept can be used to analyze the performance of heating systems in buildings. The exergy performance of different heating systems has been addressed in another publication [15] .
Certain assumptions have been made during the calculation procedure. The steady-state assumption brings certain limitations especially regarding the consideration of thermal storage effects and transient behavior of
buildings. There are also certain limitations regarding the occupant presence and comfort throughout the day, since different control strategies (e.g. setback control) can be used in a single day. The current calculations do not address these issues, dynamic exergy calculations or exergy calculations based on building performance simulations (indoor environment and energy) can be used to study these effects.
The obtained results are dependent on the values used in the calculations (e.g. power plant efficiency, pump and fan powers, etc.) therefore it is crucial to choose realistic values for each parameter. In this study, the necessary values were obtained from literature or from the actual house components, when applicable. The uncertainties associated with these assumptions were examined and confirmed by sensitivity analysis, and the results are described in Appendix B.
For the air cooling cases, it was chosen to keep the same supply and return water temperatures from the heat pump and to vary the water and air flow rates, corresponding to a change in pump and fan powers. Another approach could have been to vary the supply and return water temperatures from the heat pump, and hence to improve the COP. Latent loads were not considered and it was assumed that the cooling in the air-cooling coil was sensible.
The effect of cooling system on thermal indoor environment was not directly studied; rather a comparison of exergy performance of different cooling systems was made based on the same level of comfort. The method used to condition spaces (chosen terminal units, air-based or water-based system) has a direct influence on the thermal comfort of the occupants. Human thermal comfort should not be sacrificed for energy-and exergy-wise efficiency improvement alone and they should be achieved simultaneously. Water-based radiant systems perform better compared to other systems in terms of occupant thermal comfort; they minimize the risk of unpleasant air movement (draught), and they create a uniform temperature distribution in spaces [27] , [28] .
The use of a crawl-space was applicable for this particular house but it might not always be applicable. The crawl-space has a similar function to an earth-tube dug into the ground, in fact an earth-tube also benefits from M A N U S C R I P T
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31 the cool exergy available in the ground. Radon should be considered for different locations, i.e. a radon barrier might be needed in locations where radon is a concern. In addition to radon, also the quality of air coming from the crawl-space can cause problems with the indoor air quality and it is crucial to consider this aspect in order not to cause any dissatisfaction to the occupants with the indoor environment. The moisture of the air coming in from the crawl-space can also be a problem, and the consideration of dehumidification needs may result in different exergy inputs and system performance. The moisture of the air from the crawl-space could cause problems regarding condensation on the floor cooling unless properly dehumidified. The condensation can be avoided through a dew point control on the water supply temperature to the floor cooling loops.
The usability of the heat sources and sinks that are found in our immediate environment (e.g. ground, lake, seawater, etc.) will depend on the costs, regulations, and on geographical conditions. Nevertheless, the minimization of the cooling (and heating) demand is crucial since only with a reasonably low-exergy demand, it would be possible to use the naturally available exergy sources and sinks in our surroundings.
A high cooling load would limit the use of radiant systems (floor, ceiling or wall cooling) due to dew point concerns. The required low water temperatures might also limit the use of natural heat sinks and hence the use of a refrigeration cycle might become necessary.
If radiant systems are to be used with a high cooling load, then the air must be dehumidified, although this is not the optimal choice since it means that at another part of the system, water temperatures below the dew point are necessary to dehumidify the air, unless the air is dehumidified by other means (e.g. desiccant wheel). This operation strategy would partly off-set the benefits of high temperature cooling by the radiant floor cooling.
The optimal system design should be the one, in which the cooling demand is lowered as much as possible so that there is no need for dehumidification. Then high temperature cooling systems can be used which would enable the integration of heat sinks that can be found in our vicinity and this would increase the overall energyand exergy-wise efficiencies.
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Conclusion
The exergy performances of different space cooling systems were compared, using a single-family house as a case study. The main conclusions from the analyses are as follows.
1. Cooling exergy demand of the building should be minimized from the beginning to achieve reasonable exergy efficiency and also to allow the use of naturally available exergy sources and sinks. The cooling demand also influences the choice of indoor terminal units e.g. with a high cooling load, it might not be possible to use radiant cooling systems due to dew point concerns. The choice of the terminal unit is crucial since only with certain terminal units, it is possible to use natural resources, and since this choice directly affects the occupant thermal comfort.
2. The water-based radiant floor cooling system performed better than the air-based cooling with ventilation in terms of energy, exergy demand and consumption. When an air-to-water heat pump was used as the cooling source and the intake air was outside air, the exergy input required at the power plant was 28% smaller for the floor cooling system compared to the air cooling system. The water-based systems had remarkably smaller auxiliary exergy input compared to air-based systems, due to the use of water as the main heat carrier medium.
3. Cool exergy concept was used to quantify the available exergy in the crawl-space and in the ground.
Integration of these natural exergy resources to the cooling system resulted in significant improvements in the system performance. The use of the cool exergy available in the crawl-space resulted in 54% and 29% smaller exergy input to the power plant for the air-based and water-based cooling systems, respectively. In these cases, only 4.5 W and 10.7 W of cool exergy provided from the crawl-space decreased the exergy input by natural gas to the power plant by 270 and 719 W, respectively.
4. The coupling of ground with the radiant floor cooling system is feasible since the exergy supply from the ground matches well with the low exergy demand of the floor cooling system. For floor cooling cases, it is possible to reduce the exergy input to the power plant by 90% and 93%, with the use of M A N U S C R I P T
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33 ground, and use of the ground and the crawl-space, respectively. Brine pump power should be kept to a minimum to truly benefit from the "free" cooling through the cool exergy stored in the ground.
5. The benefit of coupling the ground with the floor cooling system was shown with the exergy efficiency values; 18% and 8.4% for the conventional and the new definition of the exergy efficiency, respectively, and 53.2% of the total exergy input to the system was from the ground. The decrease in efficiency indicates that the natural resources within our immediate surroundings should be used efficiently, and not exploited in ineffective ways through poor utilization.
It should be noted that the obtained results are case-specific, i.e. based on the house design, location, and steadystate assumption, and, therefore the results can differ as a function of these factors.
M A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
37
Appendix A -Definitions of cool and warm exergy Thermal exergy can be categorized into two types as "cool" and "warm" exergies and this approach enables us to properly consider the "warmth" or the "coolness" of a heat source or sink [12] , [13] . An example is as follows:
two tanks containing water are placed in an environment with an environmental temperature of T o . One of the tanks is at a temperature of T h and the other one is at a temperature of T c , where T h >T o and T c <T o . In the former case, the flow of energy and exergy are from the tank at T h to the environment at T o and this exergy corresponds to the flow of "warm" exergy, while in the other tank, the flow of energy is from the environment at T o to the tank at T c but the flow of exergy is from the tank to the environment and this flow of exergy is the "cool"
exergy. It could be explained that, in cooling season, what is expected as a merit from this chilled water tank is the "cool" exergy and not the energy (the chilled water has a "lack" of energy). Further examples and more detailed descriptions of "cool" and "warm" exergies can be found in [13] and [14] .
Appendix B -Sensitivity analysis
In order to quantify the effects of different assumptions on the results, sensitivity analyses were carried out on total efficiency including conversion efficiency of the power plant, distribution and transmission efficiencies of the grid (η TOT ), SFP of fans and on the brine pump power. Fig. 2, Fig. 5 and Fig. 6 .
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The results of the sensitivity analysis for the total efficiency show that although the absolute values of exergy input to the power plant change, the relative effects and relative system performances are the same.
Although not shown in Table B .1, the variation of power plant efficiency will also affect the necessary exergy input to the power plant for auxiliary components: a lower power plant efficiency results in a larger exergy input being necessary to supply the same power for the pumps and fans. Fig. 7 .
The results of the sensitivity analysis on fan performance show that even if the SFP were to be 500 J/m 3 , the airbased systems cannot perform better than the water-based system in terms of exergy input required at the power plant for the auxiliary components. Even though the total exergy input required at the power plant becomes close for Cases 2 and 5 to water-based cooling systems' performance, it should be noted that water-based cooling cases used the actual measured values from the house in terms of fan energy use and therefore show the actual fan performance. Choosing better performing fans, as in this case with lower SFP values, will require other considerations, e.g. other products, costs, etc.
For the brine pump power, values of 10 W, 24.5 W (used value), 50 W and 75 W were considered. Table B.3 shows the effects of brine pump power on system performance. The results show that with an over-dimensioned pump, the whole system performance decreases; this indicates that in order to fully benefit from the available cool exergy in the ground, the dimensioning of the brine pump should be done carefully and the brine pump power should be minimized. An over-dimensioned pump will also mean reduced savings with the use of ground, compared to a system which uses an air-to-water heat pump, as in A sensitivity analysis on the power of the circulation pump was not carried out, since the characteristics of this pump were obtained from the actual component installed in the house. The pump has also a relatively small influence compared to the fan power.
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The heat pump used in the calculations was not subject to a sensitivity analysis, because its performance was determined from tabulated data provided by the manufacturer as explained in 2.2.3. This allows the systems to be compared on a fair basis, using the same heat pump, and therefore reflecting the effects of actual operating conditions of air-based and water-based systems, e.g. the effects of water temperature leaving the evaporator of the heat pump.
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It should be noted that heat pump plays a crucial role in the results and the effects of a given heat pump on the whole system performance should be considered for each case. The results presented in this study were obtained for one particular air-to-water heat pump.
The rest of the parameters used in the calculations either belonged to the actual design of the house or were actual components used in the house, therefore, further sensitivity analyses were not carried out.
Appendix C -Whole system exergy efficiency
Other than the total exergy input to the system (thermal exergy and for the auxiliary components), exergy efficiency can also be used to evaluate system performance. In addition to the efficiencies described based on thermal exergy values in 3.6, another exergy efficiency which takes the effects of auxiliary exergy use on the whole system performance into account was defined as follows where η x,system is the whole system exergy efficiency, and X in, power plant, aux is the exergy input to the power plant through natural gas to provide the necessary electricity to the auxiliary components [W] (calculated as defined in 3.5 and the values are given in Fig. 7 ). 
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The results show that when the intake air is the outdoor air, water-based systems perform better than the airbased systems, i.e. they have a higher efficiency. The system performances are considerably affected by the availability of nearby natural heat sinks. When the cold air from the crawl-space is used as the intake air, the airbased system (Case 5) performs close to the water-based system coupled to a heat pump. When the water-based system is coupled to a ground heat exchanger (Case 8), it performs considerably better than all other system configurations.
If all systems have an SFP of 500 J/m 3 , the overall performance of air-based systems increases compared to the previous cases. The water-based systems still perform better than the air-based systems when the intake air is the outside air.
When the intake air is from the crawl-space for the air-based system (Case 5), the air-based system performs better than the water-based system coupled to a heat pump; this is because the air-based system benefits from the available cool exergy in the crawl-space while the water-based systems either do not benefit from it (Case 6) or benefit in a limited amount compared to the air-based system (Case 7). These results also match with the results presented in 4.2.1. When the heat pump is replaced with a ground heat exchanger in water-based systems, waterbased system performs considerably better than any other system configuration.
In order to examine the effects of brine pump power on the system exergy efficiency, two of the values given in Appendix B, 10 W and 75 W, were considered. With these values, the system exergy efficiency (η x,system ) turns out to be 4.28% and 2.62%, respectively. When an SFP of 500 J/m 3 is used (η x,system '), the system exergy efficiency becomes 6.83% and 3.40%, respectively. Although these values are still considerably higher than the efficiencies of other systems, they also indicate that the brine pump power is a crucial parameter to be minimized, in order to properly and fully benefit from the available exergy in the ground.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
43
The results show that the auxiliary exergy has a considerable effect on the overall system performance and therefore it should be considered carefully and minimized, in order to achieve an optimal system performance and to benefit from the naturally available heat sinks.
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Highlights
Whole chains of exergy flows for different cooling systems were compared.
The water-based floor cooling system performed better than the air-based cooling system.
Cool exergy was used to study the effects of crawl-space and ground on system performance.
A new exergy efficiency was used to show the benefits of coupling ground and floor cooling.
Using cool exergy from natural resources results in significant exergy consumption reductions.
